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Summary of Accomplishments During Period 3.1.78-9.1.78 
1. Characterization of Aerosol Sprays from tlebulizers  
A great deal of work has been put into the development and testing of 
systems for the characterization of aerosol droplets in the size range 0.0032-
10 um. The primary goal has been to obtain truly reliable data without bias 
introduced by the transfer and measuring process. Many of the systems appli-
cable to airborne aerosols have been found to be unsuitable for atomic spec-
troscopy nebulizers, as a consequence of the much higher particle density and 
generally larger droplet sizes of the latter. The two main systems used so 
far in this work have been the Andersen Cascade Impactor (covering the range 
0.4-10 pm) and the Whitby Electrostatic Aerosol Analyzer (covering the range 
0.0032-1 pm). The Andersen Impactor has presented little problem and is in 
use currently routinely for the gathering of particle size data. However, the 
particle concentrations acceptable to the Whitby Analyzer (<10 4 parti cles/cm
3 ) 
are approximately two orders of magnitude less than those produced by conven-
tional atomic absorption nebul i zers. In order to di 1 ute the primary aerosol 
flow an entirely novel concentric aerosol diluter has been designed and 
constructed. Preliminary tests indicate an effective dilution of 250x, with 
no noticeable disturbance of particle size ratios. If futher testing on a 
wide range of aerosols shows this performance applies uniformly to all 
aerosol types, then a considerable breakthrough in aerosol dilution techniques 
will have been achieved, with widespread applicability to envi ronmental 
monitoring and other problems. 
Work with the Whitby Analyzer has indicated that aerosols from a 
Perkin-Elmer nebulizer have negligible numbers of droplets below 0.136 um 
diameter and a total size distribution study indicates a mass median diameter 
around 1 pm. This is much smaller than has been estimated previously 
3 
(typically 8.5 pm), almost certainly due to the improved measurement techni-
ques for smaller particles used in this study. Further studies with a wide 
range of commerci ally avail able nebulizers for both atomic absorpti on and 
inductively coupled plasma systems are under investigation. Laser scattering 
droplet sizing measurements will be implemented as soon as the necessary PDP 
11-34 mini computer arrives (scheduled for November 1978). 
2. Development of Improved Nebulizers for AAS and RFICPOES  
In parallel with the study of droplet sizes produced by existing 
nebulizers, work on new improved neublizers is continuing. A developmental 
model ultrasonic nebulizer has been designed and constructed in-house and is 
in the process of final mechanical and electronic testing. When this is 
complete, the droplet size production will be tested with the previously 
tested systems, and the analytical performance tested with both atomic absorp-
tion flames and redio frequency inductively coupled argon plasmas. 
3. Ion Enrichment Properties of Aerosols  
A considerable amount of preliminary data has been obtained regarding 
the differential distribution of salt concentrations between particles of 
different sizes. A special burner/nebulizer system has been designed which 
allows the collection of particles as three size groups: >10 pm; 1-10 pm and 
<1 pm approximately. It has been shown that when solutions with approximately 
3% Na and 0.01% K are sprayed, the ratio of Na/K varies considerably depending 
on the fraction of droplets considered. A more detailed study is underway to 
collect droplets with an Andersen Impactor, so that greater resolution of Na/K 
ratios as a function of droplet size may be found. 
4. Sample Introduction into Inductively Coupled Plasmas  
A new 2.5 kW Plasma-Therm R.F. Inductively Coupled Plasma system has 
been added to the equipment available to the project (purchased with 
4 
Institutional funds) and an investigation is underway to provide better 
sample introduction facilities to the plasma. Existing nebulizer/torch 
configurations are well known to suffer from many limitations and are 
undoubtedly the weak point in an otherwise excellent elemental analysis 
facility. At present a variety of new torch designs, incorporating laminar 
flow as opposed to the universally used tangential turbulent flow systems, 
are under construction and evaluation. Preliminary studies are very promising, 
and it is anticipated that the torches will give improved signal-to-noise 
ratios analytically, by allowing much more uniform and less turbulent sample 
introduction. 
A detailed study on the introduction of organic species into the Ar 
ICP has also begun and will be persued in parallel with the torch development, 
in the hope of improving greatly organic sample introduction capability in 
ICP work. 
9 
Richard F. Browner 	Date 	 Michael J. Matteson 	Date 
Principal Investi gator 	 Co-Principal Investi gator 
5 
Research Proposal Submitted to the National Science Foundation 
Technical Report on Grant No. CHE-7707618  
SAMPLE PREPARATION AND INTRODUCTION 
FOR ANALYTICAL ATOMIC SPECTROSCOPY 
Principal Investigator: Richard F. Browner 
Co-Principal Investigator: Michael J. Matteson 
Georgia Institute of Technology 
School of Chemistry 
Atlanta, GA 30332 
SUMMARY OF ACCOMPLISHMENTS DURING PERIOD 12.01.78-11.30.79 
he research program has been directed towards four primary areas: 
(i) the development of novel droplet sizing techniques, suitable for 
aerosols used in atomic spectroscopy; (ii) fundamental studies relating 
to the physical and chemical processes taking place during aerosol for-
mation; (iii) the development of improved pneumatic nebulizers, based 
on these fundamental studies; and (iv) the development of novel alter-
nate means of direct sample introduction into flames and plasmas, using 
volatile metal chelates. From this research ten research papers and 
nine conference presentations have resulted since the last progress 
report to NSF. These are listed following this section of the report. 
A summary of accomplishments in each area follows: 
1. 	Development of Droplet Sizing Techniques Suitable for AAS and ICP  
Aerosols  
There are very real difficulties associated with the determination 
of droplet size distributions from pneumatic nebulizers operating under 
realistic conditions. The high particle number densities (approx. 
106 particles cm-3 ) and wide particle size distributions can lead to 
significant measurement errors, even when using sophisticated instrumen-
tation. Unfortunately, much of the previous research in this area has 
relied upon inadequate techniques, such as low velocity droplet collec-
tion on microscope slides, which is not appropriate to particles less 
than 10 pm diameter. 
In this program, two separate aerosol measuring techniques have 
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been developed, one (A) suitable for low volatility liquids such as 
dioctylpht llate covering the range 0.03-10 pm, and one (B) suitable 
for t.queous solutions covering the range 0.3-10 pm. 
(A) Dioctylphthalate System. 0.03-10 pm  
This system is based upon the series operation of a cascade impactor 
and an electrical aerosol analyzer. The cascade impactor measures drop-
lets in the range 0.03-10 pm and the electrical aerosol analyzer covers 
the range 0.03-1 pm, with a useful overlap region. The primary concern 
with this system was the degree of dilution necessary to obtain reliable 
data, as the electrical aerosol analyzer in particular cannot tolerate 
either a high particle number density or any significant number of 
droplets greater than 1 pm diameter. Consequently, a system of gas 
dilution and isokinetic sampling was devised which gave no measurable 
distortion of the primary aerosol. This was checked by comparing data 
at a controlled very low particle density with and without the dilution 
system. No significant change in particle size distribution was found. 
This system was then applied to a wide range of studies of droplet 
sizing, investigating the influence of various parameters on the droplet 
size distributions. 
(B) Aqueous System. 0.3-10 pm  
For a study of pneumatic nebulizers operated with aqueous solutions, 
the technique described above is unsuitable, for the vapor pressure of 
water is too high at room temperature and significant evaporation of small 
3 
droplets will occur. Our calculations have shown that water droplets 
of 2 pm of less diameter will be totally evaporated in less than 0.5 
secorAs in the presence of 100% relative humidity air, because of the 
pressure difference at the curved surface predicted by the Kelvin equation. 
However, we have also calculated that by using a 5-10 mg ml -1 solution 
of sodium chloride, the evaporation of droplets down to <0.5 pm can be 
neglected. This has led to the development of a procedure in which a 
5-10 mg ml -1 salt solution is nebulized, and the droplets collected on 
the plates of a cascade impactor by size range (10.0-9.0, 9.0-5.8, 5.8-
4.7, 4.7-3.3, 3.3-2.1, 2.1-1.1, 1.1-0.7 and 0.7-0.32 pm). The plates 
are then washed with water, and the relative plate loadings found by 
determining the Na concentration on each, using flame emission spectrom-
etry to determine the Na. 
Data obtained with this system has been found to correlate well 
with data obtained from the previous system over the common range of 
the two techniques. 
2. 	Fundamental Studies Relating to Physical and Chemical Processes  
Occurring During Droplet Formation  
The droplet size distributions of the nebulized sprays from many 
types of pneumatic nebulizers have been determined using the techniques 
described above. The acquisition of these data were necessary as a 
first step in understanding pneumatic nebulization phenomena, as no 
droplet size distributions in this range have ever been published pre-
viously for systems relevant to analytical atomic spectrometric measure-
ments. 
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One of the most important initial conclusions to be drawn was that 
all previol - size distributions are greatly weighted towards large drop-
lets, which fits our predictions. Typical droplet distributions for 
aqueous sprays show a mean droplet diameter around 3.5 pm, compared to 
published data indicating values from 8.5-15 pm. In practice, our 
measurements indicate that less than 20% of the spray reaching a flame 
or plasma is contained in droplets greater than 10 pm diameter. 
Detailed studies have been made on the influence of the most important 
variable parameters on droplet size distributions, namely gas and liquid 
flow rates, surface tension and viscosity of solvents, temperature effects, 
influence of impact beads and mixer paddles. The validity of the Tanasawa 
and Nukiyama equation to analytical spectroscopy has been examined, and 
while qualitatively in agreement with observation, the equation has been 
shown to be in error when used to predict mean droplet diameters, giving 
values approximately a factor of 2.4x too high. 
An entirely novel process of interference in analytical atomic spec-
troscopy has been discovered and investigated. This is based upon the 
ionic redistribution that takes place when binary mixtures of salts are 
nebulized pneumatically. We have been able to show that on droplet 
formation from a liquid stream, the relative mobilities of the ions in 
solution determine the relative concentrations of the ions in the drop-
lets. In other words, in a bulk solution containing a ratio of Li:Mg 
of 200:1 (10,000 pg m1 -1 Li and 50 pg m1 -1 Mg), the droplets formed in 
the range 0.1-10 pm have ratios of Li:Mg varying from 50:1 to 150:1, 
depending on the droplet size. In all cases, however, there is a net 
increase in Mg:Li ratio in all the droplets reaching an inductively 
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coupled plasma and it would be predicted that a positive interference 
would occut 	We have observed this in practice (an enhancement of 200% 
was c,served) and there is therefore good correlation between theory and 
practice. Furthermore, we have observed this phenomenon with several 
other ionic species (Na and K, Na and Li, K and Li). This interference 
effect has been observed by others, but this is the first time that in 
our experience any valid explanation has been suggested. 
3. Development of Improved Nebulizers  
Based on the theoretical understanding of nebulization phenomena 
that has been obtained by our studies, we have been able to design a 
fixed all-glass crossflow nebulizer with two significant advantages 
over existing systems: (i) it can be operated with the inductively 
coupled plasma at sufficiently low gas flow rates that improved detection 
limits are obtained; (ii) it can be configured such that the waste 
solution re-cycles in the nebulizer, resulting in a net sample uptake of 
approximately 0.2 ml min
-1
, compared to conventional systems using 
3-5 ml min -1 . This can be of great advantage when sample volume is 
limited (e.g., in clinical studies). 
4. Development of Alternate Means of Sample Introduction  
As a means of avoiding the necessity to ash or otherwise destroy 
organic matter in biological samples, a preliminary investigation has 
been made of a technique for the production of volatile metal chelates 
in situ in the sample, by passing a chelating agent in vapor form over 
6 
the sample. The chelating agent, typically H(acac), H(tfa) or H(hfa), 
is passed i 'to a solution containing the metals of interest, such as 
blood serum, and reaction takes place. After a few minutes to ensure 
complete reaction, the reaction vessel is heated, and the metal chelate 
vaporizes and passes through a heated line to an inductively coupled 
plasma torch. The process is standardized by a standard additions pro-
cedure. Using this process, we have been able to obtain good agreement 
for analysis of independently analyzed samples, such as NBS Standard 
Reference Materials (orchard leaves and bovine liver) and independently 
analyzed blood serum samples. 
Richard F. Browner 	Date 	Michael J. Matteson 	Date 
Principal Investigator 	 Co-Principal Investigator 
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RESEAPCH PUBLICATIONS DURING CURRENT GRANT PERIOD 
1. 'A Versatile System for Size Characterization of Droplet Sprays 
Produced by Pneumatic Nebulizers," John W. Novak, Jr. and Richard 
F. Browner, Anal. Chem., 1979, submitted. 
2. "Observations on the Effects of Impact Beads, Mixer Paddles and 
Auxiliary Oxidant on Dp Distributions in Analytical Flame Spectros-
copy," Malcolm S. Cresser and Richard F. Browner, Appl. Spectrosc., 
1979, submitted. 
3. "Sample Temperature Effects in Analytical Flame Spectroscopy," 
Malcolm S. Cresser and Richard F. Browner, Anal. Chico. Acta, 1979, 
in press. 
4. "A Method for Investigating Size Distributions of Aqueous Droplets 
in the Range 0.5-10 um Produced by Pneumatic Nebulizers," Malcolm 
S. Cresser and Richard F. Browner, Spectrochim. Acta B, 1979, in 
press. 
5. "A Fixed All-Glass Crossflow Nebulizer for Use with Inductively 
Coupled Plasmas and Flames," John W. Novak, Jr., Donald E. Lillie 
and Richard F. Browner, Anal. Chem., 1979, submitted. 
6. "Aerosol Ionic Redistribution: A Novel Interference Mechanism in 
Analytical Atomic Spectrometry," J. A. Borowiec, A. Boorn, J. 
Dillard, M. S. Cresser, R. F. Browner and M. J. Matteson, Anal. 
Chem., 1979, submitted. 
7. "Introduction of Organic Species into the Inductively Coupled Argon 
Plasma," A. Boorn and R. F. Browner, Anal. Chem., 1979, submitted. 
8. "Characterization of Droplet Sprays from Pneumatic Nebulizers," 
John W. Novak and Richard F. Browner, Anal. Chem., 1979, submitted. 
9. "Direct Introduction of Samples into the Inductively Coupled Argon 
Plasma as Volatile Metal Chelates," Marilyn S. Black and Richard 
F. Browner, Anal. Chem., 1979, submitted. 
10. "Organic Solvent Effects in Analytical Atomic Spectrometry," 
A. Boorn, M. S. Cresser and R. F. Browner, Analyst, 1979, submitted. 
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JUSTIFICATION OF CAPITAL EQUIPMENT ITEM 
GCA McPHERSON 1 M SPECTROMETER 
The grant budget includes a proposed sum of $4,540 to be used towards 
the purchase of a higher resolution spectrometer. Much of our work centers 
around the inductively coupled plasma, and the acquisition of a spectrom-
eter of high quality will result in a corresponding improvement in the 
quality of our ICP data. The School of Chemistry at Georgia Tech will 
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I. DESCRIPTION OF RESEARCH AND RESULTS 
The following section is a summary of research accomplished during 
the term of the grant. The majority of this work has been published in 
the literature, and the references listed refer to grant supported pub-
lications described in Section II. 
1. Development of Droplet Size Measurement Capabilities. 
(a) 0.1-10 pm Dioctylphthalate Method. In order to characterize the 
aerosol sprays from a wide variety of pneumatic nebulizers, a technique 
has been developed which permits droplet size measurements to be made in 
the range 0.1-10 pm. An aerosol spray of dioctylphthalate (DOP) is 
diluted sequentially in five steps in order to minimize possible diameter-
related impaction losses, which might otherwise disturb the particle size 
distribution. DOP is used because of its high boiling point (384 ° C) 
which minimizes vaporization losses of small droplets. Small droplets 
(0.1-0.5 pm) are measured with an Electrical Aerosol Analyzer and larger 
droplets (0.5-10 pm) are measured with a Cascade Impactor. The technique 
has been described in the literature.1 
(b) 0.5-10 pm Aqueous Aerosol Method. A careful study of the theoretical 
evaporation characteristics of aqueous aerosols
2 
has shown that for pure 
water, or very dilute solution aerosols, droplets less than 5 pm diameter 
evaporate rapidly, severely disturbing the size distribution. On the other 
hand, the evaporation losses for small droplets in an aerosol produced 
by nebulizing a concentrated salt solution are greatly reduced. For 
example, when a 5000 pg mL
-1 
NaC1 solution is nebulized, evaporation 
losses of 0.5 pm droplets should result in a decrease in droplet diam-
eter of less than 10%. 
Apparent droplet size distributions have been measured for a wide 
range of salt solution concentrations by collection of the generated 
aerosol on the plates of a cascade impactor. This provides a size 
fractionation of the aerosol in various stages over the aerodynamic 
particle diameter range 0.44-10 pm. By washing the deposited salt 
solution off each plate of the impactor, the mass of sodium collected 
in each size range can be determined. Experimental data have confirmed 
the theoretical predictions that the droplet size distribution is 
negligibly disturbed for small droplets, provided that concentrated 
-1 (>5000 pg mL ) solutions are used. Furthermore, it has been found 
experimentally that typically 90% of the sample mass reaching analytical 
flames or plasmas is contained within the droplet size range measured 
by this technique. Consequently, a technique has been developed which 
allows simple, rapid characterization of aerosol sprays from most pneu-
matic or ultrasonic nebulizers. The size range covered is not as wide 
as with the DOP technique, but is perfectly adequate for most purposes. 
Full details of the technique have been published.
2 
(c) Laser Scattering Measurements. By measuring forward scatter at 5 ° and 
15 ° , produced by shining a He/Ne laser through an aerosol, it is possible 
to calculate the volume-to-surface area median diameter (d32) of the 
aerosol. This value will lie close to the mass median diameter. The 
laser scattering technique supplements the cascade impactor and electrical 
aerosol analyzer measurements. The optical system has been assembled and 
tested with aerosols of known properties and found to be functioning 
correctly. Software has also been written which allows direct interfac-
ing of the experiment into a PDP 11/34 minicomputer with graphics plotting 
of d32 as a function of time. To date only low speed data acquisition has 
been attempted, but it is proposed to increase this rate for noise studies 
to be described later in this proposal. The advantages of the laser 
measurements are that they allow: (1) non-intrusive droplet size measure-
ments; (2) spatial resolution in examining a physically spread-out aerosol 
spray; and (3) time-resolved measurements. 
2. Fundamental Data on Droplet Size Distributions. 
(a) Parametric Investigations of Pneumatic Nebulizers. The DOP and 
aqueous salt solution techniques described above have both been used to 
examine parameters of analytical interest, namely: (1) droplet size 
distributions produced by commercial pneumatic nebulizers; (2) the influ-
ence of variations in operating conditions, including gas and liquid 
flow rates, velocities, liquid surface tension and viscosity, nebulizer 
design, etc., on these droplet size distributions; and (3) the influence 
of spray chambers, impact beads and flow spoilers on the droplet size 
distributions. In addition, the influence of sample temperature on 
droplet size distributions and hence nebulization efficiencies have also 
been examined. The results of these studies have been published in a 
series of papers. 3-5 
(b) Evaporation Effects of Organic Solvents. A further area where the 
particle size distribution of an aerosol is critically important relates 
to the introduction of organic solvents into flames or plasmas. Organic 
solvents are used either because the sample is naturally soluble in an 
organic medium, or because one has been used in a preconcentration/- 
extraction procedure (e.g. APDC/MIBK extractions). The majority of 
studies described in the literature 	note a general enhancement 
effect on nebulizing an organic rather than an aqueous solution. The 
enhancement is attributed to the production of a primary aerosol at the 
nebulizer with a smaller median diameter for the organic solvent than 
for the aqueous solvent; this effect is a function of surface tension dif-
ferences between the solvents. However, surface tension effects do not 
account for differences in nebulization efficiencies between different 
organic solvents, which may vary from 5% for nitrobenzene to 60% for ben-
zene, in a typical ICP analysis. 
We have carried out a detailed theoretical study of droplet evapora-
tion characteristics for a wide range of organic solvents, and have been 
able to correlate the observed experimental nebulization efficiencies of 
several selected solvents with the theoretical droplet evaporation curves. 
3. Improved ICP Nebulizer. 
The ability to monitor droplet size distributions with relative ease 
has allowed us to develop and test an improved, fixed all-glass crossflow 
nebulizer design for use with inductively coupled plasmas and flames. 
The nebulizer overcomes many of the problems of variability and adjustment 
difficulty experienced with existing crossflow designs, and does not block 
readily like present concentric all-glass designs. In addition, a version 
has been developed which operates at a net sample aspiration rate of 0.2 
mL min 1 , with no signal degradation from the normal version operating at 
3 mL min 
1 
aspiration rate. A full description of this work has been 
published. 7 
4. Sample Introduction as Volatile Metal Chelates. 
Preliminary studies have shown that it is possible to produce 
8-diketonates of Mn, Co, Fe, Zn and Cr by direct reaction of fluoro-8- 
diketones with various samples, and then to thermally vaporize the 
8-diketonate into an ICP. The most successful ligand used to date has 
been trifluoroacetylacetone, H(tfa). Using this approach, good quanti-
tative agreement has been obtained with certificate data for Fe and Zn 
in NBS SRM Bovine Liver and independent analyses of Cr in human blood 
serum and NBS Bovine Liver. 8  
5. Aerosol Ionic Redistribution (AIR) Effects. 
We have found, by collecting aerosols of binary salt solutions on 
the plates of a cascade impactor, that under certain circumstances the 
concentration ratio of the ions in the collected droplets is greatly 
different from that in the original bulk solution. This phenomenon, 
which was observed in ocean sprays as long ago as 1953, 	is not intui- 
tively obvious to most atomic spectroscopists, which may account for the 
long delay in seeing its relevance to analytical atomic spectrometry. 
The consequence of this effect, which we have termed an Aerosol Ionic 
Redistribution (AIR) effect, is that the effective nebulization effi-
ciency of one cation in a mixed solution may differ from another! 9 As 
a consequence, in a typical situation of analytical relevance (i.e. the 
presence of a high concentration of a matrix ion together with a low 
concentration of a trace ion to be determined) the signal obtained from 
the trace ion may be significantly different in the presence of the 
matrix ion than in its'absence. This effect is quite independent of 
processes which may occur in a flame or plasma, such as possible vola-
tilization or ionization interferences. Consequently, it is possible 
for a high matrix concentration of an ion to enhance the signal from a 
minor ion, in contradiction to normal experience where the high matrix 
ion concentration depletes the trace ion atom population by inhibiting 
its volatilization. Ironically, ICP nebulizers appear to show this 
effect much more strongly than AAS nebulizers, leading to a situation 
where there is apparently one interference which is more significant 
with ICP analysis than with AAS. 
II, PUBLICATIONS SUPPORTED BY GRANT 
I. "Aerosol Monitoring System for Size Characterization of Droplet 
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